We report the Ðrst ultraviolet spectropolarimetry of the B[e] star HD 50138, obtained with the Wisconsin Ultraviolet Photo-Polarimeter Experiment aboard the Astro-2 Space Shuttle mission in 1995 March. The data cover the spectral range 1500È3200
INTRODUCTION
HD 50138 is a hot emission-line star discovered more than 75 yr ago & Merrill It is bright (Humason 1921) . enough (V D 6.5 mag) that its characteristics in di †erent spectral regions have been studied in detail many times. Recent reviews of its characteristics can be found in for the UV region, for Hutseme kers (1985) Pogodin (1997) the visual, and et al. for the near-IR. In the Jaschek (1992) visual region the star displays bright emission lines of hydrogen, [Fe II] , [O I], Ca II, and other species, which show double-peaked proÐles in many cases. The photospheric spectrum is essentially veiled by the radiation of circumstellar origin. Nevertheless, a combined study of the spectral and photometric characteristics of the star led et al. to estimate its spectral type as B5 III. Jaschek (1992) They also classiÐed HD 50138 as a transition object between a classical Be and a B[e] star.
Strong IR excesses due to circumstellar dust emission, which are not common in classical Be stars, were detected by from observations in H, K, and L Ðlters. Allen (1973) Moreover, Pe rez, & The reported asymGrady, (1994) metries in the red wings of the UV lines of C IV and Fe III and interpreted this as a consequence of accretion onto the star.
found evidence of accreting matter Pogodin (1997) from variability in optical lines. These features suggest that HD 50138 might be a preÈmain-sequence Herbig Be star. Recent results from the Hipparcos satellite pro-(ESA 1997) vided a distance measurement toward the object : 290~5 0 90
pc. This places HD 50138 very close to the zero-age main sequence, near the preÈmain-sequence track of a 5 star, M _ i.e., in a domain of Herbig Ae/Be stars.
Despite these results, the evolutionary status of HD 50138 remains unclear. In particular, the interpretation that it is a preÈmain-sequence object seems difficult to reconcile with its apparent lack of association with any star-forming region ; furthermore, the slope of the decrease of its IR Ñux longward of 12 km is much steeper than that seen in known Herbig Ae/Be stars. Details of the circumstellar envelope structure are not well known either.
conPogodin (1997) cluded that the gaseous envelope around HD 50138 is likely to be more Ñattened near the star than in its outer regions. He interpreted rapid variability of Ha and Na I D lines as evidence of discrete structure within the stellar wind.
Thus, HD 50138 is an unusual star exhibiting features in common with those seen in several di †erent classes of stars. It is usually compared to another object of similarly uncertain evolutionary status, HD 45677. The latter shows a similar emission-line spectrum, including double-peaked proÐles, and also shows a decline in IR Ñux longward of 12 km. The spectropolarimetric observations of HD 45677 obtained in the UV and optical region et (Schulte-Ladbeck al.
showed a rotation of its polarization position angle 1992) (P.A.) by 90¡ (hereafter referred to as a "" P.A. Ñip ÏÏ), implying evidence for a nonspherical envelope around the star. The HD 45677 data also showed a gradual increase in the polarization level with wavelength toward the red ; this characteristic is not apparent in the data for HD 50138, as is discussed below.
Polarimetric observations clearly are useful to extend our knowledge about HD 50138 ; however, they have not been 
OBSERVATIONS
The UV spectropolarimetry was obtained using the Wisconsin Ultraviolet Photo-Polarimeter Experiment (WUPPE) during the Astro-2 mission, which Ñew from 1995 March 2È18 on the Space Shuttle Endeavor. WUPPE is a 0.5 m telescope and spectropolarimeter that obtains simultaneous spectra and polarization measurements from 1500 to 3200 with a resolution of about 16 For more A ,A . details on the instrument, see et al. HD Nordsieck (1994) . 50138 was observed on March 5 (JD 2,449,782.27) through a6 A]12A aperture in a single pointing of 1616 s duration. The data were calibrated using both preÑight and in-Ñight measurements (see et al. for details). Averaged Clayton 1997 over the entire WUPPE spectral range, the mean errorweighted, pixel-by-pixel polarization is 0.39%^0.01% at a P.A. # \ 161¡.
Contemporaneous optical polarimetry was obtained on 1995 March 11 (JD 2,449,787.67) using the half-wave polarimeter (HPOL) at the 0.9 m telescope of the PBO. For details about the observing program, instrument, and data reduction, see et al. Nordsieck, & Nordsieck (1994) , Wol †, Nook and & Harris Observations (1996) , Nordsieck (1996) . were made successively in two separate spectral ranges : blue (3190È6050 and red (5960È10,410 Because of a A )A ). very low signal-to-noise ratio at the ends of the spectral ranges, the optical data presented here are limited to the range 3800È10,000
When averaged over each spectral A . range, the HPOL data show a mean polarization of 0.70%^0.01% at # \ 157¡ and 0.65%^0.02% at # \ 159¡ in the red and blue regions, respectively.
RESULTS
shows the full data set of observed Ñux and Figure 1 polarization across the entire spectral range from the UV through the optical. HD 50138 exhibits numerous metallic absorption lines in the UV region (e.g., Hutseme kers 1985) that are noticeable even in the relatively low-resolution WUPPE spectrum. They are mainly represented by Fe II lines, the strongest of which are of multiplet numbers 8, 38, 42, 63, and 97. Several rather weak lines of higher excitation, like that of Fe III (34) at 1895 also are seen clearly. A , The Mg II lines near 2800 are blended with the iron lines. A The P CygniÈtype structure reported previously for these lines (e.g., is hardly recognizable at our Imho † 1994) resolution. A broad dip between about 1800 and 2600 is A probably due to a combination of both line blanketing and the 2200 graphite absorption feature. It is more pro-A nounced in the WUPPE spectrum than in the IUE data (e.g., Savage, & Meade probably because of Sitko, 1981) , a much better signal-to-noise ratio (D500 in the region from 1800 to 2600 for WUPPE, in comparison with A only D15È20 for the IUE data).
The UV polarization spectrum shows dips coinciding with most of the strong absorption lines. Accounting for this e †ect, we estimate the polarization in the UV continuum to be about 0.7%. This value is close to the mean optical polarization level, indicating that the continuum polarization of HD 50138 is essentially Ñat from 1500 to 1 A km. There is also no polarization P.A. rotation throughout this region, as is apparent in Figure 1 .
Our results strongly indicate that HD 50138 does exhibit intrinsic polarization because there is no polarization downturn in the UV region such as would be expected for purely interstellar polarization (ISP). In addition, nine polarimetric observations of HD 50138 obtained at PBO from 1990 & Schulte-Ladbeck (Bjorkman 1994 show that its polarization varies by nearly 0.2% in the optical region, which also implies the presence of at least some intrinsic component. In order to determine this intrinsic level we must remove the component attributable to ISP.
One way to estimate the ISP is by using data on nearby (Ðeld) stars. Unfortunately, a literature search shows that only a few such stars have been observed polarimetrically in this region of the sky. They are not particularly close to HD 50138 on the sky, and they show a wide range of values of polarization and P.A. To aid in this e †ort, we have obtained an observation of one nearby star, HD 48978, from PBO. In we list those stars with available polarimetry, Table 1 including our new observation of HD 48978, that lie in the vicinity of HD 50138 and have distances from the Sun comparable to that of HD 50138. These data indicate that at least some ISP may be present in this direction at distances close to that of HD 50138.
Another way to estimate the contribution of the ISP is based on continuum-to-Ha polarization changes, assuming that the line emission is unpolarized
The Ha emission is very strong in HD 50138 1976). and polarization measured in the line is signiÐcantly di †er-ent from that of the nearby continuum (see From the Fig. 1 ). PBO observations obtained on di †erent dates we derived the wavelength-averaged parameters of the continuum (P c and line polarization and to be as follows :
A procedure to disentangle the intrinsic and interstellar components (as described by & MarlboPoeckert rough gave us the following estimates : 1976) P \ 0.4%È0.5%, # \ 152¡^2¡ and PIS \ 0.25%^0.05%, #IS \ 172¡^4¡, respectively. This implies that the intrinsic component dominates the observed polarization in both the UV and optical regions.
We can verify our estimate of the ISP by analyzing the data in the QU plane, where Q and U are the Stokes parameters. As is seen from both the UV and optical Figure 2 , data are spread out around a straight line in the QU plane with a P.A. of 160¡, which represents the direction of the combined sum of the intrinsic and interstellar components. This line does not pass through the zero point, which implies that at least some ISP is present. It can be split into two orthogonal components (see the discussion in et al. one of which, perpendicular to the Quirrenbach 1997), intrinsic direction, is determined by the distance from the zero point to the intrinsic vector. This component is 0.08%^0.04%. The other component depends on the dif- ference between the intrinsic and interstellar P.A. (see eq.
[4] of et al. and is about 0.1%. The Quirrenbach 1997) result of this procedure is in good agreement with that of the Ha method. We therefore adopt an estimate of the magnitude of the ISP of 0.2%, which does not contradict the data in Table 1 .
Combining the results from the continuum-to-Ha method above with the data on the Ðeld stars, we now can constrain #IS slightly better. Three stars from Table 1 region in the sky containing HD 50138. This gives a value of the parameter K \ 0.96 et al. (Whittet 1992) . The derived estimate might not be very accurate, because the Ha line is probably at least partially polarized, contrary to our assumption ; however, in the discussion below we will see that the exact value of the ISP is not crucial for our conclusions.
shows the wavelength dependence of Figure 3 the remaining intrinsic polarization and P.A. after the removal of an ISP component deÐned by the above parameters. Qualitatively, the behavior of the wavelength dependence has not changed much from what was seen in the raw data, other than that the rise of polarization shortward of 2000 (coming out of the line-blanketed region toward the A blue) has become more pronounced. whose spectral type, B4 V, is close to (Bjorkman 1993) , that of HD 50138.
shows that the P.A. in HD Figure 3 50138 rotates slightly (by about 20¡) between 1500 and 2400 However, this is not the same e †ect that produces the A . P.A. Ñip in HD 45677 et al. because (Schulte-Ladbeck 1992), the rotation in HD 50138 occurs over a wide spectral range that coincides with the region of strong metallic line blanketing.
Uncertainties in Interstellar Polarization Estimate
Our estimate of the ISP component is uncertain because of the lack of polarimetric observations of spatially nearby stars. To understand what implications this may have for our results, let us consider the situation in which the ISP has been removed incorrectly. Not much will change if our estimate of #IS is correct but PIS is overestimated. In this case the intrinsic polarization will be close to the observed polarization, where the P.A. rotation is hardly noticeable. If we change our estimate for #IS, the polarization level will rise and the P.A. contrast will decrease. However, if we consider the extreme case of #IS \ 80¡ (completely perpendicular to our estimated value), then the ISP would be equal to 0.08%, as we found in the previous section. Since HD 50138 is relatively close to the Sun, and since this region of the sky does not contain evident dark clouds, we do not expect PIS to be larger than 0.5%. Thus, even if our estimate of the ISP is not completely correct, the nature of the intrinsic polarization of HD 50138 will not be qualitatively changed. However, the closeness of the #IS estimated for HD 50138 to that derived for HD 45677 and HD 46229 seems to support the validity of our ISP estimate.
Thus, regardless of the exact ISP value, the intrinsic polarization of HD 50138 does not contain a P.A. Ñip in the observed spectral region. This indicates that the dominant polarization mechanism is probably the same throughout the entire observed spectral range. This suggestion is supported by the QU diagram derived from our observations for HD 50138
Our data are located completely to (Fig. 2) . (1982) . this picture, at short wavelengths, the light from the polar regions dominates the observed polarization, because the optically thick equatorial disk blocks the radiation scattered in the disk from escaping, thereby preventing any sizeable contribution from the disk to the total polarization. At longer wavelengths, the light scattered in the disk is able to escape because the disk is no longer optically thick, so contributions from the disk scattering dominate the observed polarization. Thus a P.A. Ñip occurs at the wavelength where the polarization contributions from the disk and the polar regions become equal.
Distribution of Circumstellar Material
In order to interpret the matter distribution around HD 50138, we can compare our observations with spectropolarimetric results for other objects with nonspherical envelopes. The polarization level of HD 44179, a binary system surrounded by a biconical nebula, is more than 15% in the UV and about 2% in the visual region & Sitko (Reese The P.A. Ñip occurs at D1900 over a very small 1996). A wavelength range. The polarization of HD 45677 (Schulteet al. is substantially smaller : 1.5% in the Ladbeck 1992) UV and about 1% in the visual, with a rise toward longer wavelengths. The P.A. Ñip occurs at about 2500
In one A . other example, the postÈasymptotic giant branch star IRAS 08005 [2356 Dinerstein, & Goodrich a (Trammell, 1995 , 70¡ rotation of the P.A. occurs between 5000 and 7000 A , while the polarization drops from 5% to 1%.
The Ðrst two of these comparison cases (HD 45677 and HD 44179) shows the e †ect of the optical depth of the disk, which causes the P.A. Ñip position to shift toward longer wavelengths as the optical depth decreases. The behavior of IRAS 08005[2356 could be explained either by an increase in the amount of direct starlight contributed in the red or by scattering of the photospheric light by dust grains in the torus et al. The common result for these (Trammell 1995) . objects is that the light scattered from the polar regions of their envelopes is the dominant contributor to the polarization at the shortest wavelengths observed, and this contribution is strong enough to produce a P.A. Ñip or rotation away from the optical P.A. for the same reasons discussed by and mentioned in the preceding section : Daniel (1982) namely, because of a wavelength-dependent optical depth for the dust, such as would be true for small dust grains.
Dust versus Electron Scattering
The polarization level observed in HD 50138 is smaller than that of all three of the above stars and is more comparable to that of classical Be stars. An almost-Ñat wavelength dependence of the intrinsic polarization in the visual spectral region suggests that electron scattering rather than dust scattering is the polarizing mechanism. Furthermore, any di †erential attenuation between the polarized Ñux and the direct stellar Ñux must also be wavelength-independent, since the polarization is the ratio of these Ñuxes.
In order to test this interpretation, we must examine the expected wavelength dependence of a dusty disk model and the relative importance of any dust contribution to the polarization compared to electron-scattering e †ects. To do so, we have carried out a series of tests using Monte Carlo modeling techniques with parameters appropriate for HD 50138. We assumed an underlying stellar temperature of 14,000 K and a dust destruction radius of which 200R * , produces a maximum dust temperature of about 1500 K. The dust was assumed to be an MRN mix Rumpl, (Mathis, & Nordsieck with polarization properties as calcu-1977), lated by White (1979) .
We Ðrst modeled independently a dust disk and an electron-scattering disk. In both cases, the disk was modeled as a highly Ñattened ellipsoid, with the ratio of the semimajor to semiminor axes, a/b, determined by the scale height of a pressure-supported Keplerian disk ; for a dust disk the a/b ratio was determined to be 9.6, while for an electron disk, a/b was 38. We used the observed optical polarization level, where line blanketing is not as dominant, to constrain the maximum allowable optical depth for either dust only or electron scattering only.
shows Figure 4 the results for the two models compared to the data. For the dust case, the optical depth required to match the optical polarization level was For the electron case, the q dust \ 0.55. optical depth required to match the optical polarization level was Note the pronounced curvature in the q es \ 0.7. wavelength dependence of the dust model, as well as the presence of a large UV bump in the polarization, which is not observed. Line-blanketing opacity within the disk, which is not included in these simple models, would tend to o †set the polarization bump somewhat but would not a †ect the curvature in the optical.
The single-component models produce upper limits for the optical depths of the dust component and the electron component. To determine the maximum amount of dust compatible with the observations, we ran a combined twocomponent model, with a dust disk plus electron-scattering disk together, using the appropriate disk a/b ratios for each. Starting with (the upper limit for the electronq es \ 0.55 scatteringÈonly disk) and we gradually increased q dust \ 0.0, while simultaneously decreasing to maintain the q dust q es observed level of polarization in the optical, stopping at the value of for which the amount of curvature and the q dust level of the UV polarization outside the line-blanketed region became too large to match the observations (see Fig. This then places an upper limit on the dust optical depth 5). of q dust \ 0.15. The previous models assume that the scattering process occurs within a disk. However, mildly Ñattened infalling envelopes have also been suggested as a proposed geometry for the circumstellar envelopes of Herbig Ae/Be stars. So as a Ðnal check we modeled a dust-only case with an ellipsoidal distribution using a/b \ 1.8. The best average Ðt to the optical polarization level was obtained by assuming a dust optical depth of for this case. The results are q dust \ 0.5 shown in
In no case were we able to reproduce the Figure 6 . Ñat wavelength dependence of the polarization seen in the optical : all ellipsoidal models produced too much curvature. While such behavior is similar to the rising polariza- tion level into the red seen in HD 45677 (Schulte-Ladbeck et al. it is not in agreement with the observations of 1992), HD 50138.
Our simple modeling results show that if dust scattering were the dominant polarizing mechanism in any wavelength region, then a pronounced wavelength dependence of the polarization should be present, regardless of whether the dust were distributed in a disklike or slightly ellipsoidal manner. (Note that spherically distributed dust or electronscattering envelopes cannot be ruled out on the basis of the polarization alone, since they would produce zero net polarization.) A wavelength-dependent polarization is inconsistent with the observed spectropolarimetry, which appears to be more similar to what is observed in the case of electron scattering in classical Be stars, with a mostly Ñat wavelength dependence except in regions of enhanced line blanketing. These results therefore indicate that any circumstellar dust extinction must be small and probably contributes less than 30% of the total polarization. This is also consistent with the fact that the dusty envelope around HD 50138 is optically thin, at least at 10 km, since the silicate feature at 10 km is in emission et al. (Olnon 1986) . In fact, a comparison of the observed spectral energy distribution of HD 50138 (from the WUPPE and PBO spectra scaled to match the photometric data) and the model atmospheres (for e †ective temKurucz (1994) peratures of [13È14] ] 103 K, which is close to that of the star) shows that their slopes in the UV and optical regions are almost the same. However, the UV Ñuxes of HD 50138 are nearly 2 times weaker than those from the model, which can be explained by the presence of a strong line-blanketing e †ect. Such an e †ect would be expected from a dense gaseous disk such as might produce the strong Ha line. At the same time, the similarity of the slopes outside the lineblanketing region implies that any nongray extinction due to circumstellar dust must be very small. This supports the suggestion that any dust scattering contribution to the intrinsic polarization must be smaller than the contribution due to electron scattering.
The large Ha equivalent width (D50È60 A ; Pogodin implies that the circumstellar envelope has a rather 1997) large density. On the other hand, the polarization is relatively small. In fact, the Ha emission in HD 50138 is much stronger than that observed in classical Be stars, yet the polarization level is less than that observed in such stars as f Tauri, / Persei, and c Cassiopeiae (D1%). This indicates that its disk is most likely geometrically thin with an opening angle of only a few degrees Bjorkman, & (Wood, Bjorkman The absence of a P.A. Ñip is consistent 1997). with a large density contrast between the equatorial and polar regions et al. Additionally, the strong (Wood 1996) . central absorption between emission peaks in the Ha line implies that the column density along the (Pogodin 1997) line of sight is large, so the line of sight must pass through the disk (i.e., the disk is seen close to edge-on).
We mentioned above that the mean P.A. in the UV was found to be the same in both HD 50138 and HD 45677. Since the latter star shows a P.A. Ñip, it is likely that scattering in the polar regions of its envelope produces its UV polarization. This implies that the envelope symmetry plane (the disk) has a P.A. of 160¡, which is close to the direction of the Galactic plane. In contrast, for HD 50138 the equatorial disk appears to be the main contributor to the polarization in both the UV and optical regions. Hence, the envelope symmetry plane would be orthogonal to the P.A. of the polarization and so is nearly perpendicular to the Galactic plane. This result might be of interest for further attempts to determine the evolutionary state of the object.
Furthermore, note that none of our derived upper limits for either in a dust-only model or combined with elecq dust , tron scattering, is sufficient to reproduce the observed infrared excess. Thus the small maximum optical depth for the polarizing component of the dust requires that the majority of the dust in the system either must be roughly spherically distributed or must be in the form of such large grains (larger than about 1 km) that no polarization wavelength dependence is seen between the optical and the ultraviolet regions.
Thus, spectropolarimetric data combined with spectroscopy allows us to qualitatively determine the geometry and orientation of the circumstellar envelope. These results can be veriÐed and constrained further by more detailed modeling in future work.
CONCLUSIONS
We have presented and discussed the Ðrst UV and optical spectropolarimetry of the B[e] star HD 50138. Despite the fact that this object has many observational features similar to another B[e] star, HD 45677, it does not show the same P.A. Ñip in the near-UV that was detected by WUPPE in HD 45677 during the Astro-1 mission et (Schulte-Ladbeck al.
At the same time, the continuum polarization of 1992). HD 50138 is almost wavelength independent, which rules out a completely interstellar origin for the polarization. We have estimated the level of ISP toward HD 50138 as (with an upper limit of at P max IS \ 0.2% P max IS \ 0.5%) #IS \ 170¡ and showed that its exact level does not a †ect our conclusions.
The presence of intrinsic polarization favors a picture of a Ñattened envelope around HD 50138, where electron scattering in a geometrically thin equatorial disk dominates the polarization across the entire spectral range of the observations. We Ðnd that dust scattering, if present, can be only a minor contributor to the observed polarization, and the polarization is dominated by the e †ects of electron scattering unless all the dust grains are larger in size than about 1 km. Furthermore, in order to reproduce the observed infrared excess, there must be a roughly spherically distributed component of dust that is optically thin, because the relatively Ñat wavelength dependence of intrinsic polarization in the optical region indicates that the polarized radiation is only weakly attenuated by the circumstellar dust. This implies that while the system is seen at a high inclination angle, the equatorial disk is not viewed exactly edgeon. The amplitude of the Ha emission and the presence of double-peaked emission-line proÐles et al. (Jaschek 1992 ; suggest that the disk opening angle is small Pogodin 1997) and comparable to its angle away from edge-on with respect to the line of sight. Thus, we see the system at an inclination angle of nearly, but not quite, 90¡. Detailed modeling of both the emission-line proÐles and polarization is required to constrain the physical parameters of the HD 50138 circumstellar envelope. This may pose interesting questions for any theories of the development of such a star-disk system.
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